The appearance of commercial spatial light modulators (SLM) opens new ways for teaching some optical phenomena. There are possible applications in a great variety of fields: interferometry, diffraction theory, simulation and compensation of random media, Fourier Optics, etc. In this paper, we propose the use of low cost liquid crystals displays (LCDs) as SLMs to perform some interesting optical experiments. The liquid crystal SLMs are extracted from a commercial video projector. This is one of the cheapest ways to obtain a SLM. For phase modulation, it requires the calibration of the system, because the manufacturers do not provide the physical specifications of the LCDs. This work is quite instructive since many different aspects are involved in the calibration process. Finally, we show an experiment using this setup, which demonstrates that the proposed SLM is an easy-to-use and flexible tool to show some wellknown optical phenomena.
Spatial light modulators are useful for teaching some optical phenomena. The use of commercial liquid crystals displays as SLMs has two advantages: they can be used to perform some interesting optical experiments and they can be obtained from a video projector at low cost. Since a low cost SLM is not characterized by the manufacturer, the system must be calibrated if we desire to perform phase modulation. This process is presented in section 2. It is quite instructive since many different aspects are involved in the calibration process. Section 3 describes several possible applications to a great variety of fields:
-Interferometry: a Point-Diffraction interferometer or a Young's experiment can be built in a very simple and flexible way.
-Diffraction theory: many objects and shapes can be used. It can even be used to show the effect of some apodizing functions over the diffraction image, or to create Fresnel lenses.
-Fourier Optics: the use of SLM in Fourier optics is well known and it is a common tool for filtering and correlation.
-Simulation and compensation of inhomogeneous media: the SLM offers the possibility of simulating the behavior of inhomogeneous media as the atmosphere or biological tissues. It can also be used in an adaptive optics system to compensate the distortions introduced by these media. In section 4 a particular application in which the SLM has been used is explained: the simulation and compensation of atmospheric turbulence. The results show that the SLM is an easy-to-use and flexible tool to show some well-known optical phenomena, with the additional advantage of presenting low cost.
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Twisted-nematic liquid crystal televisions are used as intensity or phase modulators in a great variety of applications, [1] [2] [3] [4] because they can be obtained relatively cheaply from commercial video projector units. Furthermore, these devices have greater resolution than other devices specifically designed to be used as phase modulators in scientific applications. In this paper they are used to simulate a partial compensation AO system. 5 Their main drawbacks are that their switching speed is relatively slow, that it is not possible to have a perfect intensityonly or phase-only modulation, and, finally, that proper use of such displays requires knowledge of the physical parameters of the device, including the twist angle, the birefringence and the orientation of the director axis. 6 These drawbacks limit their use in certain scientific applications, but are not so important in educational environments. Hence we have carried out several experiments to obtain these parameters in the cells LCX012BLA extracted from a SONY VPL-V500QM projector. Features of the device include 640x480 pixels of 31.5x31.5 µm and separation between pixel centers 42 µm. They are explained in subsection 2.1. Furthermore, once the parameters are known the cell phase and intensity modulation must be calibrated as a function of the applied voltage for different configurations of the system. This additional calibration is described in subsection 2.2.
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There are several techniques to obtain the system parameters. 2, [7] [8] [9] We chose the former with some modifications 6, 10, 11 to avoid ambiguities in the determination of the parameters. The experimental procedure consists on the measurement of the cell transmission between polarizers (crossed ⊥ 7 and parallel || 7 ) when no voltage is applied, as a function of the angle rotated simultaneously by the polarizers axis, ψ 1 . This transmission is a function of the fundamental cell parameters:
where α is the twist angle, β the birefringence, ψ D the orientation of the director axis and χ = 2 2 β α + . To find a unique set of parameters, both transmissions must be measured for four different wavelengths, 6 which are provided using a helium-neon laser (632 nm) and an argon laser (wavelengths of 458, 488 and 514 nm). A curve-fitting routine is then used to determine the unknown parameters from the experimental data. In figure 1 the experimental transmissions and the fitted curves of one of the cells are shown. It can be seen that there is a perfect agreement between the experimental data and the theoretical predictions. A further experiment is still required to determine the twist sign. The transmission is recorded once again but the analyzer is not rotated. This produces the data shown in figure 2 for the same cell. The comparison between the fitted curves shows clearly the correct sign for the twist angle. Finally a π/2 ambiguity in the extraordinary axis direction must be eliminated using a simple technique. 10 The cell is illuminated with linearly polarized light and the diffraction pattern is examined when the external voltage applied is changed. There are changes in the diffraction pattern when the voltage is modified only if the incident light is polarized along the extraordinary axis. The resultant physical parameters that we obtain for our devices are shown in table 1. It is worth noting that we have adopted the same coordinate system as that of Lu and Soutar. Once the physical parameters are known the phase and intensity modulation must be calibrated as a function of the voltage for different configurations of the system (i.e. brightness and contrast in the projector menu, gray level range and polarizers positions). Thus the most appropriate configuration for our particular application can be chosen. For example, in the case of the turbulent atmosphere that we will analyze in section 3, phase-only modulation is desired, because the atmosphere is assumed at first approximation as a phase screen. To measure the intensity modulation, the cell is set between polarizers. The axis of the first one is parallel to the cell axis, while the second one is perpendicular to both of them. The transmission is measured as a function of the voltage applied to the cell, for different values of the brightness and contrast. The light source is a diode-pumped solid state laser with λ=532 nm while the detection device Newport 818SL is used with a Newport 1815C power meter to obtain a greater dynamic range. Figure 3 shows the intensity modulation for the different configurations. It can be seen that there is very low modulation for a null contrast. The intensity modulation is a linear function of the gray level (applied voltage) for a medium contrast while for a maximum contrast it saturates for relatively low values of the gray level. The last step is the phase modulation measurement. The experimental setup shown in figure 4 allows the interference between two beams that travel through different areas of the cell. The voltage that is applied to the first of them is constant while the second one is variable. The interference pattern is detected in a CCD camera Elbex 380, and is processed in a PC using a frame grabber Data Translation 2861. As the voltage that is applied to the second area changes, the interference fringes are shifted. By measuring this shift the phase modulation is found. Figure 5 shows the result obtained for the best configuration. The analysis of figures 3 and 5 shows two relevant characteristics. The first one is that the operating modes produce coupled amplitude and phase modulation (because of twist). The second one is that the phase range is lower than 2π. Both characteristics of our devices limit the level of compensation that can be simulated, as we will see in the next sections.
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Once the low cost SLM based on the LCDs extracted from a video projector has been calibrated, it can be useful for a variety of applications. In fact, it can be a tool both for teaching and research in any field that requires intensity or phase modulation of the wavefront. Its main advantage is that the modulation pattern can be very easily modified. In this section, some possible applications of the device are briefly described, while in section 4, one of this applications is developed in detail.
" ÃQvÃqvsshpvÃvrsrrr
The point diffraction interferometer (PDI) is basically a two-beam interferometer in which a reference beam is generated by the diffraction from a small pinhole in a semitransparent coating. Its simplicity makes it suitable for testing instruments. 12 The PDI is a common-path interferometer and has the usual advantages of this class: the fringes are very stable against vibration and a white-light source can be used. It is clear that the PDI can be easily generated with a LCD. Furthermore, the use of LCD has an additional advantage. In practice, the diffracting region is not a point but has a finite size. The amplitude of the wave depends on how much of the light in the image falls on this region and this varies with aberrations of the wave. To produce an interference pattern of high visibility the filter should attenuate the amplitude of the direct wave to match. This indicates the advantage of using the LCD: a filter of different transmittance can be used for each case. For this application, as for every one that just requires intensity modulation, the calibration process explained in section 2 is not necessary. Of course, there are some limitations to use this device. The main one is that the diffracting region should not be much larger than the center of the Airy disk that the original wave would produce if it had no aberrations.
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Young' experiment was the earliest experimental arrangement for demonstrating the interference of light. It is a key experiment for the understanding of wave mechanics, light coherence, quantum theory, etc. In this setup, light from a monochromatic point source falls on two pinholes which are close together in a screen and equidistant from the source. The pinholes act as secondary monochromatic point sources which are in phase, and the beams from them are superposed in the region beyond the screen. 13 In this region an interference pattern is formed. The pinholes can be generated using the LCD pixels.
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The LCD can create any kind of diffraction masks with the only limitation of the pixel size. Then, the number of experiments that can be carried out is enormous (in both Fresnel and Fraunhoffer regimes): due to the high resolution of the device, as an example, diffraction patterns can be obtained for different apertures shapes, different number of apertures, or several distances between apertures, etc. Then, the effect of the combination of apertures, or the consequences of a periodic configuration can be easily shown using the LCD. A relevant example is the Talbot effect, also referred to as self-or lensless-imaging, observed when a beam of light is reflected or transmitted through a periodic pattern.
14 Another example of particular interest consists on the demonstration of the diffracting effects of a phase-only mask.
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Diffraction gratings can be obviously created with the proposed light modulator. They have a huge number of applications. For instance, they can be used to perform indirect wavefront measurements, because gratings can introduce lateral shear. For this task, low-frequency square bar patterns having unit modulation are typically used. 15 These are called Ronchi gratings. They can be used in either a collimated or converging beam. Either way the transmitted beam is broken up into a number of diffracted orders. The angle between the orders depends on the grating spacing, which is easily adjusted in the LCD. A final lens both recollimates the orders and images a pupil. On an observation screen placed downstream of this lens, a number of overlapping circles of light are seen. In the overlap areas, one can see lateral shear interference fringes.
"$ÃDhtrÃshv
There is a large number of applications where the LCD can be used for imaging. The first example is apodization. Apodization can be useful for improving the resolving power of optical systems, which is commonly known as superresolution. 16 The filters permit to achieve a significant reduction of the central lobe width of the irradiance point spread function. It can be useful in applications as optical data storage or confocal scanning microscopy. To do this, masks with different size, gray level or distribution, can be generated with the LCD, depending on the requirements. On the other hand, in some cases it is interesting to decrease not the central lobe, but a different area of the diffraction pattern, as in the search for exoplanets. 17 This can be achieved using an apodized aperture with the correct parameters. Another possibility is to obtain an optical system with variable focal length, using variable zonal plates. The LCD is used to block alternate zones in the LCD. Again the main advantage is the capability of changing the configuration of blocked and unblocked zones in a fast and easy way.
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The LCDs extracted from the video projector can also be a useful tool for all the aspects related to Fourier optics. 18, 19 As an example, they can be used to demonstrate the basic operations of computation by light. The LCDs can generate inputs that can be added, subtracted, multiplied, divided, averaged or differentiated. Furthermore, optical signal processing can be performed using the LCDs as the filters required, both with coherent and incoherent light. In the first case, some of the techniques that can be carried out are decoding by Fourier transform, inverse filters, Wiener filters, matched filter or convolution filter. If we use incoherent light, then we can obtain a multiple pinhole camera (the time modulated device is also very interesting) low pass filter with randomly distributed small pupils or incoherent matched filter.
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A black and white pattern can be used as a means of recording the binary numbers of 0's and 1's. This application is useful because the density of information that can be recorded in a sheet of histograms is enormous, provided a mechanism for picking up a particular hologram is available. 19 The LCD can be a tool to create binary patterns of any kind (not just black and white patterns), for performing experiments on this kind of optical memories.
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Both the random phase and intensity fluctuations induced by a random medium can be simulated using the device. Furthermore, it can compensate for this distortion. A total or partial compensation process can be carried out. The two steps, simulation and compensation can be performed using a single LCD or using two devices. This application is explained in detail in next section.
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The low cost SLM based on the LCDs extracted from a video projector can be useful for a variety of applications. As an example, in this section an experimental setup designed to simulate the effect of the turbulent atmosphere and the adaptive optics system is described. Its scheme is shown in Figure 6 . Its main components are the object, the LCD that introduces the effect of the atmosphere and the AO system, the telescope and the data acquisition system. They are explained in detail in the next subsections.
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The light source is a diode-pumped solid state laser GM32-1H which provides 2 mW at λ=532 nm. A constant output power is obtained, because the laser is fed by a HP 6224B source which maintains a stable voltage of 5 V and a stable current of 0.37 A. The light emitted by the laser is linearly polarized and the polarization axis can be modified by rotating a λ/2 plate. The point source, a pin hole of diameter 50 µm, is placed immediately after the plate, and at the focal plane of a collimating system (focal length ≈ 40 cm). Thus, a planar wave front emanates from the whole system.
#!Ã6urrÃhqÃ6PÃr
Next to the collimating system the cell is situated between polarizers, with the axis of the first polarizer parallel to the director axis. The physical description of the cells has already been done. A single phase screen represents the contributions of both the atmosphere and the AO system. 20 It allows us to compare in subsection 4.5 experimental and theoretical data in the same conditions and to achieve a wider range of atmospheric and compensation configurations. The procedure we followed to generate wavefronts with different degrees of compensation is that proposed by Roddier, 21 which gives the structure function predicted by Kolmogorov theory. 20 The wavefront is decomposed into Zernike polynomials, which allows us to control the degree of correction by assigning only a value of zero to the coefficient of the corresponding corrected polynomial. Wavefronts are simulated by use of a thousand polynomials, and thus the main limitation to generate high order terms is the number of pixels in the conditions of subsection 4.5. The array of phase values that compose this wavefront is introduced in the cell as an image. Hence, the planar wave front is distorted when it travels through this setup as if it had traveled through the turbulent atmosphere and had been corrected with an AO system. We consider that its coherence area is equal to the pixel area. Consequently the Fried parameter, U 0 , is 42 µm. The setup includes a monitor and an optical bench with an auxiliary LCD where the phase screen (i.e. the distortion introduced in the wave front) can be checked.
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The telescope which forms the image of the distorted wave front is composed by a diaphragm, preceding a microscope objective lens. In astronomical telescopes the ratio between the aperture and the focal length is usually 1/11. To match this condition the aperture is 1.8 mm. Thus, the ratio between the aperture and the Fried parameter is '/U 0 = (1.8 mm) /(42 µm) ≅ 40, which would correspond, for example, to a Fried parameter of 10 cm in a 4 m telescope (usual values in astronomical observatories when working in the visible). To change this ratio, both ' and U 0 could be modified.
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A microscope lens is placed at the focal plane of the telescope. The image formed by the microscope is detected by a high efficiency camera Photometrics CH350 with a CCD S1003BP detector (grade 1). The quantum efficiency of this device is 80% approximately. The detector resolution is 1024x1024 pixels, whose size is 24 µm. It is liquid cooled, at 35ºC below zero, to decrease the dark current to 3.3 electrons pixel -1 seg -1 . The dynamic range is 16-bit at 40 kHz or 12 bits at 500 kHz. The camera is connected to a PC using a 32bit PCI card. Hence the images recorded by the CCD can be analyzed using adequate software.
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A theoretical model for the turbulent atmosphere predicts a Rician distribution for the light intensity statistics. 22 This distribution has already been checked by comparing with simulated values. 22, 23 In this subsection the Rician distribution is compared with experimental data, obtained using the setup previously described. The case of '/U 0 =40, will be analyzed, although we have checked the set up in a wide range of conditions. A series of fifty partially compensated wave fronts is represented into the LCD, and the corresponding images are recorded. The correction degree is 150 corrected Zernike modes. We obtain the normalized histograms of the light intensity at the PSF core, and in three consecutive coronas around it. The first one is placed at the border of the Airy core, the second one at the first ring and the last one at the halo. Figure 7 shows these histograms. The Rician distribution, Eq. (4), is also shown, and it can be seen that there is a good agreement between the theoretical predictions and the experimental data. The slight deviations could be solved using a greater number of images in the series. It is worth noting that, as the distance from the PSF core increases, the distribution evolves from a Gaussian type function towards an exponential distribution, characteristic of speckle. This confirms that partially corrected images are composed by a bright core surrounded by a speckled halo. 20, 24, 25 The theoretical model, which provides the proper intensity statistics, allows the attainment of other variables of great interest, that can be compared with experimental data. A parameter commonly used to determine the image quality is the Strehl ratio. Figure 8 shows the Strehl ratio (SR) as a function of the correction degree. It is compared with the theoretical expression. 7 The SR increases as the correction degree increases, because the energy is redistributed from the speckled halo towards the PSF core. When the correction degree is high, experimental and theoretical data are very similar, while when the correction is low, the theoretical SR is lower than the experimental one. The Marechal approximation ) exp( SR
, which is only applicable for high correction degrees, also fits well the experimental data. The SR behavior is caused by the limitations of the phase range that the LCD provides. From table 1 and figure 5 it can be deduced that the phase range is limited to an interval of approximately 180º. The device can not generate phases out of this interval. As the phase distribution is Gaussian, with 9 0 =40 it means that the device can generate at least 80% of the phase values only up to 200 corrected modes. Then it is easy to explain figure 8. The greatest phases can not be properly represented, so that the experimental SR is higher than it should be. For a high correction degree this effect is unimportant, but for low compensation a large number of phase values can not be represented and the SR does not match the real compensation degree. To avoid this problem, there are thicker LCDs (generally inside older projectors) which offer a greater phase range, at the cost of a much slower (and complex) operation. Nevertheless the qualitative behavior of the SR is correct. Furthermore it fits precisely the theoretically predicted radial evolution and the high compensation behavior, because the limitations of the device are not so relevant in these cases. Finally, the intensity modulation is another error source to take into account.
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We have developed an experimental setup to simulate the atmosphere and the AO system effects on a wave front. Its main component, the phase modulator, is a LCD extracted from a commercial video projector. We have carried out several experiments to obtain the physical parameters and the intensity and phase modulation of the LCD. Once the device has been calibrated, we have obtained experimental histograms of the image light intensity. There is a good agreement between these histograms and the Rician distribution predicted by the theory. It confirms the model, previously checked with simulated data. We have also compared the Strehl ratio. Again there is a good agreement between the theoretical and experimental values, except in those special conditions in which the limitations of the LCD are relevant (functions evaluated near the core and low correction degree). Proc. SPIE Vol. 4588 576 Figure 6 Experimental setup scheme which represents a telescope with an adaptive optics system. 
